Key Words: magnetic particle imaging, MPI, stem cells, cell tracking, superparamagnetic iron oxide, SPIO Abbreviations: Feridex (F), magnetic particle imaging (MPI), magnetic particle spectroscopy (MPS), magnetic resonance imagining (MRI), mesenchymal stem cell (MSC), neural stem cell (NSC), optical density (OD), Resovist (R), superparamagnetic iron oxide (SPIO), transmission electron microscope (TEM), vibrating sample magnetometer (VSM) Magnetic labeling of stem cells enables their noninvasive detection by magnetic resonance imaging (MRI). In practical terms, most MRI studies have been limited to the visualization of local engraftment because other sources of endogenous hypointense contrast complicate the interpretation of systemic (whole-body) cell distribution. In addition, MRI cell tracking is inherently nonquantitative in nature. We report herein on the potential of magnetic particle imaging (MPI) as a novel tomographic technique for noninvasive "hot-spot" imaging and quantification of stem cells using superparamagnetic iron oxide (SPIO) tracers. Neural and mesenchymal stem cells, representing small and larger cell bodies, were labeled with 3 different SPIO tracer formulations, including 2 preparations (Feridex and Resovist) that have previously been used in clinical MRI celltracking studies. Magnetic particle spectroscopy measurements demonstrated a linear correlation between MPI signal and iron content for both free particles in homogeneous solution and for internalized and aggregated particles in labeled cells over a wide range of concentrations. The overall MPI signal ranged from 1 ϫ 10 Ϫ3 to 3 ϫ 10 Ϫ4 Am 2 /g Fe, which was equivalent to 2 ϫ 10 Ϫ14 to 1 ϫ 10 Ϫ15 Am 2 per cell, indicating that cell numbers can be quantified with MPI analogous to the use of radiotracers in nuclear medicine or fluorine tracers in 19 F MRI. When SPIO-labeled cells were transplanted in the mouse brain, they could be readily detected by MPI at a detection threshold of about 5 ϫ 10 4 cells, with MPI/MRI overlays showing an excellent agreement between the hypointense MRI areas and MPI hot spots. The calculated tissue MPI signal ratio for 100 000 vs 50 000 implanted cells was 2.08. Hence, MPI can potentially be further developed for quantitative and easy-to-interpret, tracer-based noninvasive cell imaging, preferably with MRI as an adjunct anatomical imaging modality.
Magnetic labeling of stem cells enables their noninvasive detection by magnetic resonance imaging (MRI). In practical terms, most MRI studies have been limited to the visualization of local engraftment because other sources of endogenous hypointense contrast complicate the interpretation of systemic (whole-body) cell distribution. In addition, MRI cell tracking is inherently nonquantitative in nature. We report herein on the potential of magnetic particle imaging (MPI) as a novel tomographic technique for noninvasive "hot-spot" imaging and quantification of stem cells using superparamagnetic iron oxide (SPIO) tracers. Neural and mesenchymal stem cells, representing small and larger cell bodies, were labeled with 3 different SPIO tracer formulations, including 2 preparations (Feridex and Resovist) that have previously been used in clinical MRI celltracking studies. Magnetic particle spectroscopy measurements demonstrated a linear correlation between MPI signal and iron content for both free particles in homogeneous solution and for internalized and aggregated particles in labeled cells over a wide range of concentrations. The overall MPI signal ranged from 1 ϫ 10 Ϫ3 to 3 ϫ 10 Ϫ4 Am 2 /g Fe, which was equivalent to 2 ϫ 10 Ϫ14 to 1 ϫ 10 Ϫ15 Am 2 per cell, indicating that cell numbers can be quantified with MPI analogous to the use of radiotracers in nuclear medicine or fluorine tracers in 19 F MRI. When SPIO-labeled cells were transplanted in the mouse brain, they could be readily detected by MPI at a detection threshold of about 5 ϫ 10 4 cells, with MPI/MRI overlays showing an excellent agreement between the hypointense MRI areas and MPI hot spots. The calculated tissue MPI signal ratio for 100 000 vs 50 000 implanted cells was 2.08. Hence, MPI can potentially be further developed for quantitative and easy-to-interpret, tracer-based noninvasive cell imaging, preferably with MRI as an adjunct anatomical imaging modality.
INTRODUCTION
Magnetic resonance imaging (MRI) cell tracking using superparamagnetic iron oxide (SPIO) particles has increased our understanding of cell biology and developing stem cell therapy (1). However, because of its indirect detection of cells through the SPIO effect on proton relaxation, there are several limitations that prevent its full exploitation. These include (1) the difficulty of absolutely quantifying cell concentration and iron content, part of which relies on the existence of different relaxation regimes (dependent on the agglomeration state and SPIO cluster size); (2) the difficulty of discriminating SPIO-labeled cells in areas of hemorrhage and traumatic injury (which are often present in targets of cell therapy), as caused by the protondephasing effects of methemoglobin, ferritin, and hemosiderin (especially at higher fields); (3) the occasional misinterpretation of isolated "black spots" resulting from differences in magnetic susceptibility effects around blood vessels and air-tissue interfaces (eg, the stomach and gastrointestinal tract); and (4) the inability to track cells in areas devoid of a proton signal (eg, the lungs). 19 F MRI cell tracking can overcome several of these limitations (2), including cell quantification and "hot-spot" tracer imaging (3) but suffers from an inherent lack of sensitivity and the limited availability of hardware (dual-tunable coils and interfaces).
In this study, we determined the feasibility of developing cellular magnetic particle imaging (MPI) as a new approach for noninvasively tracking cells. We originally introduced the concept of MPI cell tracking already in 2008 (4), 3 years after the initial publication of MPI by Gleich and Weizenecker (5) . MPI technology is based on the principle that SPIO nanoparticles can be magnetized by an external magnetic field and exhibit a nonlinear response in a near-zero magnetic field. When the external field changes around the value 0, the magnetization will follow until it reaches a positive or negative saturation value for larger positive or negative magnetic fields. In the basic MPI scanner setup, a magnetic gradient field is created in such a manner that there is only 1 point in the 3D imaging volume at any given time at which the magnetic field is 0. Only at this point, the so-called "field-free point," will it be possible to observe oscillating changes in magnetization if an additional, oscillating external magnetic field is applied (typically in the kilohertz range). These changes are detected via magnetic induction in a sensing radiofrequency coil, much like in MRI.
Based on previously developed labeling protocols and assays for MRI cell tracking, we investigated the magnetic response of SPIO-labeled mesenchymal stem cells (MSCs) and neural stem cells (NSCs) with magnetic particle spectroscopy (MPS). Labeled MSCs were implanted in the mouse brain, and the sensitivity of MPI cell detection was determined and compared with conventional, simultaneous MRI experiments.
METHODOLOGY SPIO Formulations
Two commercial formulations (Feridex, Berlex Imaging, Wayne, NJ; Resovist, Bayer-Schering, Berlin, Germany) that have been previously applied for clinical MRI cell tracking (6) and 1 experimental preparation (UW) custom-tailored as an MPI tracer were used in his study. UW particles were synthesized by thermal decomposition of iron oleate in the presence of oleic acid and 1-octadecene as described previously (7) . Particles were purified using a 1:1 (v/v) mixture of chloroform and methanol and magnetic sedimentation. The final SPIO formulation was coated with polyethylene glycol (MW ϭ 2 kDa; Laysan Bio Inc., Arab, AL) (8) . Aggregated particles were removed by centrifugation at 3000 rpm. An inductively coupled plasma atomic emission spectrophotometer (Thermo Jarrell, Franklin, MA) was used to measure the final iron concentration in the sample. The iron concentration of the preparation was 1.70 mg of Fe per milliliter. Room temperature magnetization was analyzed using a vibrating sample magnetometer (VSM) (Lakeshore, Weterville, OH). The iron oxide crystal core size was calculated using Chantrell fitting to the VSM magnetization curve and by examination using a transmission electron microscope (TEM) (FEI TecnaiTM G2 F20, 200 KeV; Hillsboro, OR) analysis. We also used dynamic light scattering (Zetasizer Nano; Malvern Instruments, UK) to determine the overall particle hydrodynamic size of the polyethylene glycol-conjugated final SPIO preparation.
Cell Labeling and Sample Preparation
As NSCs, we used the immortalized mouse cell line C17.2, and rat MSCs were freshly isolated from bone marrow using standard procedures (9) . Cells were labeled with Resovist and Feridex, and UW particles were combined with poly-L-lysine (24-48-h incubation at 25 g of Fe per milliliter of culture medium) (10) . We have chosen these 2 cell types to assess the MPS signal dependence on cell size and cytoplasmic iron content for smaller cells (NSCs, ϳ10 m) and larger cells (MSCs, ϳ25 m). Cells were washed and counted, and 50-L gelatin (8% w/v) samples containing between 2.5 ϫ 10 3 and 1 ϫ 10 6 cells were prepared. Gelatin samples containing SPIO particles only (without cells) were included as a control. The mean cellular iron content was determined using a ferrozine-based spectrophotometric assay (10) . Briefly, 50-L perchloric acid-digested labeled cell samples were treated with 30% hydrogen peroxide, 10% hydroxylamine, 0.5% ferrozine, and 500 L of pyridine, following which the OD 562 was measured with an ultraviolet-visible spectrophotometer (Shimadzu UV-1700, Columbia, MD), along with FeCl 2 standards.
Microscopic Analysis of Particle Uptake
SPIO-labeled cells were stained for the presence of internalized iron oxide particles using a Prussian blue stain (10) . Using this method, the magnetic particles were converted to an intense dark blue color following 30 min of incubation with Perls' reagent (1 g of potassium ferrocyanide in 42 mL of deionized water ϩ 8 mL of 37.5% HCl). SPIO uptake in washed and labeled 4% glutaraldehyde-fixed cells was visualized using a Zeiss Cell Observer System with ApoTome 2 digital imaging (Zeiss, Thornwood, NY). For TEM, washed and labeled cell samples were fixed with 3.0% formaldehyde, 1.5% glutaraldehyde in 0.1 M sodium cacodylate, 5 mM Ca 2ϩ , and 2.5% sucrose. After staining with Palade's OsO 4 and uranyl acetate, cellular uptake in Eponembedded cell samples was analyzed with an FEI Tecnai 12 TWIN TEM operating at 100 kV.
MPS Measurements
The signal response of counted numbers of SPIO-labeled cells was measured using MPS. For signal excitation, the samples were exposed to a homogeneous magnetic field oscillating at 25 kHz with an amplitude of 10 mT. The resulting signal was detected with a bandwidth of 2.5 MHz and was averaged over 30 s. The detected spectrum consists of odd harmonics of the excitation frequency that are produced by the magnetic nanoparticles. The amplitudes of low harmonics are proportional to the amount of particles and their signal yield, whereas high harmonics indicate the spatial resolution that can be achieved. To test the linearity of the signal in a concentration series, it therefore suffices to extract the respective amplitude of the third harmonic converted to units of Am 2 .
Cell Transplantation
Animal experiments were performed in accordance with protocols approved by our Institutional Animal Care and Use Committee. UW particle-labeled MSCs were bilaterally transplanted in the striatum of 8-week-old male FvBn mice as described previously (11) . Briefly, under 1.5% isoflurane anesthesia, mice (n ϭ 2) were positioned in a stereotaxic device (Stoelting, Woodsdale, IL). A small skin incision was made in the midline to expose the skull. Different cell densities (2 ϫ 10 3 , 1 ϫ 10 4 , 5 ϫ 10 4 , or 1 ϫ 10 5 cells in 2 L of phosphate-buffered saline) were injected using a pico-injector (Harvard Apparatus, Holliston, MA) with an attached pulled glass pipette (70-m tip). Cells were injected slowly over 4 min, and the needle was left in place for 1 min before being withdrawn. One hour after transplantation, mice were euthanized and perfused with 4% paraformaldehyde, and the brains were removed. After postfixation for 2 days in 4% paraformaldehyde, samples were transferred to Fomblin (a polyperfluoroether devoid of a proton signal).
MRI Experiments
Imaging was performed on a vertical-bore 17.6-T nuclear magnetic resonance spectrometer (Bruker Biospin, Billerica, MA) equipped with a micro 2.5 gradient system. A 25-mm diameter volume coil was used for radiofrequency transmission and reception. Sagittal images were acquired using a T 2 * multigradient echo with a retention time of 500 ms, echo time between 5 and 50 ms, number of averages ϭ 1, 256 ϫ 196 ϫ 196 matrix, and 16 ϫ 13 ϫ 13-mm field of view (66-m isotropic resolution).
MPI Experiments
MPI experiments were conducted using a preclinical prototype scanner system (Figure 1) . The scanner was operated in a 2D mode, where 2D slices were acquired in the horizontal (x-y) plane. In MPI, a static selection field gradient is required for spatial encoding, and its magnitude is directly related to the achievable spatial resolution. The MPI scanner was operated with a selection field gradient of 2.50 T/m in a vertical (z) direction and 1.25 T/m along the bore (x) and in the lateral direction (y). Drive fields were applied for signal generation with amplitudes of 16 mT in the x and y directions and 1 mT in the z direction. Thus, a quasi-2D volume of 25.6 ϫ 25.6 ϫ 0.8 mm 3 was encoded by the field-free point. The encoding time per plane was 21 ms. For improving the signal-to-noise ratio, 64 repetitions were averaged, resulting in an imaging time per plane of 13.8 s. Homogenous focus fields were applied to shift slices in the vertical direction. For covering the brains, 18 slices were stacked with a center-to-center distance of 1 mm so that an encoded imaging volume of 25.6 ϫ 25.6 ϫ 17.8 mm 3 resulted. For image reconstruction in MPI, a system function was acquired that established the relation between spatial particle position and signal response. To this end, a small calibration sample consisting of particles deposited in a gel was moved stepwise by a robot to the 41 ϫ 41 ϫ 8 positions of a 3D grid with an isotropic interposition distance of 1.0 mm. The spatial extent of the calibration sample was between 3 and 6 mm, thus limiting the spatial resolution that could be reconstructed. Using the acquired system function, the 18 measured quasi-2D slices were reconstructed individually. For MPI of 50-L volumes of pelleted cells, a grid of 23 ϫ 23 ϫ 1 positions was used with a pixel size of 2 ϫ 2 mm 3 , whereas all other imaging parameters remained unchanged. To visualize all samples despite their vast differences in concentration, regularization in image reconstruction was adapted for each concentration to deliver a good balance between signal-to-noise ratio and spatial resolution.
RESULTS

MPS Studies: Particle Efficacy and Quantification of Intracellular Iron and Labeled Cells
Acid-digested labeled cell samples were assayed for iron content using a spectrophotometric assay and ferric-ion specific dye. The mean iron content per cell was determined to have a range between 1 and 15 pg of Fe per cell, as listed in Table 1 . Labeled cell suspensions at various concentrations were then investigated for their superparamagnetic efficacy in changing the MPS /g Fe for NSCs ϩ F. Note that for both SPIO particle preparations, the SPIO-gelatin reference samples (without cells) have the same MPS value vs unit of iron as for the cell samples (Figure 2, A and  B) . For all samples, Resovist had a 4-fold higher MPI efficacy (on the third harmonic) per unit of iron compared with Feridex. This large difference was observed for both NSCs and MSCs. These values are summarized in Table 2 .
For the experimental, preclinical UW SPIO formulation (Figure 3) , the slope values for the third harmonic were 1.5 ϫ
10
Ϫ3 Am 2 /g Fe for MSCs, which is equivalent to 2.0 ϫ 10
Ϫ14
Am 2 per cell; and 2.7 ϫ 10 Ϫ3 Am 2 /g Fe for NSCs, amounting to 2.4 ϫ 10 Ϫ14 Am 2 per cell ( Table 2 ). The SPIO-gelatin reference samples (without cells) again exhibited the same MPS value vs unit of iron as for the cell samples.
Morphological Characterization of SPIO Labeling
The core size of the UW particles was calculated to be 19.0 nm using Chantrell fitting to the VSM magnetization curve. These results matched well with our TEM analysis ( Figure 4A ). From dynamic laser scattering measurements, the UW particles were calculated to have a hydrodynamic size of approximately 95 nm. Trypan blue viability staining showed Ͼ95% cell viability after labeling with all 3 SPIO tracers. Intracellular labeling was confirmed by Prussian blue staining ( Figure 4B ). The particles demonstrated a typical perinuclear focal accumulation. This is where the microtubuli end; the particles are transported along the microtubule filaments from the plasma membrane toward the cell interior. TEM demonstrated that the particles were bound to the cell membrane and were transported into intracellular vesicles ( Figure 4C ).
MPI Studies: Sensitivity and Quantification
Samples used for MPS measurements were further investigated for their detectability by MPI. UW-labeled NSCs in 50-L gelatin samples demonstrated a detection threshold of about 3 ϫ 10 4 cells ( Figure 5 ). UW-labeled MSCs were then bilaterally transplanted into the mouse brain, after which both MRIs and MPIs were obtained (Figure 6 ). The lowest amounts of cells injected Figure 6D) , with an amplitude ratio of 2.08 for 100 000 cells relative to 50 000 cells.
DISCUSSION
We have shown that SPIO-labeled stem cells can be detected with both MRI and MPI. The MPI signal was found to be linear with iron concentration and cell number, allowing for proper cell quantification. Importantly, as the conformational state of SPIO, which may range from intracellular clustering to free homogeneous particle suspensions, is often a priori not known, it avoids a major pitfall that exists with MRI quantification approaches, where the T 2 /T 2 * relaxivity and contrast enhancement are not independent from the size of the SPIO clusters. Because the SPIO tracers are detected directly with MPI and not indirectly as in the case of MRI (where the signal is derived from protons), their quantification is simple and straightforward. This can be considered to be somewhat analogous to 19 F MRI, where the naturally abundant 19 F isotope is also detected directly (12) . Fluorine MRI cell tracking has recently gained interest, with phase I clinical trials in progress (13, 14) . It remains to be seen if the sensitivity of MPI will exceed that of 19 F MRI, but in theory it should be possible to image cell numbers as low as 100 with dedicated instrumentation. Our current MPI detection threshold of 3-5 ϫ 10 4 cells is similar to our preclinical 19 F MRI studies of fluorinated NSCs implanted in the mouse brain striatum, where we found a detection threshold of approximately 4 ϫ 10 4 cells (15). In the past, Feridex and Resovist have been most widely used for MRI cell tracking studies, including clinical trials (6) . Unfortunately, because of economic reasons, these preparations are no longer commercially available. This prompted us to test alternative SPIO preparations and to further develop UW particles as an alternative MPI cell-tracking agent. We have tested several other SPIO preparations from other sources that have previously been successfully used in MRI; none exhibited sufficient MPI performance to be of further interest. We found that Resovist had a 4-fold higher MPI efficacy per unit of Fe than Feridex for the 2 differently sized stem cell types tested. This does not readily translate from the MRI contrast-enhancing properties; their MR relaxivities are about the same at a given field strength. This indicates that there is room for further optimization of MPI SPIO tracers, as their properties for optimal performance do not appear to automatically follow those for MRI. We found that the UW SPIO formulation slightly outperformed that of Resovist. To make the efficacy/performance of SPIO tracers comparable across different studies, we propose to introduce an "efficacy" or "performance" term with Am 2 /g Fe as the unit (which had calculated values of 1 ϫ 10 Ϫ3 to 3 ϫ 10
Ϫ4
for the SPIO tracers in this study), ie, MPI signal per unit Quantification of MPI signal measurements show an excellent correlation between the measured MPI signal and number of implanted cells. An intensity profile through the centers of both MPI signal peaks was extracted and fitted with 2 Gaussian curves. Five parameters were fitted, namely the amplitudes, positions, and 1 width parameter, which was assumed to be the same for both curves because it is mainly determined by the extent of the calibration sample used for system calibration. Fitted amplitude values were 7.24 ϫ 10 Ϫ3 and 3.48 ϫ 10 Ϫ3 arbitrary units at 4.55 and 9.69 mm for 1 ϫ 10 5 and 5 ϫ 10 4 cells, respectively, with a full width (resolution) of 3.68 mm.
concentration of SPIO, analogous to the term "MR relaxivity" used in MRI. This should then be specified for a specific MPI harmonic number, just as the applied specific magnetic field strength for MRI.
The development of MPI instrumentation is currently in full swing (16) (17) (18) (19) . We have learned a lot from cell tracking with MRI, and it is possible that MPI cell tracking can be readily adapted (20) . However, a major drawback of hot-spot imaging techniques such as MPI is the lack of anatomical information. Other hot-spot imaging techniques, including single-photon emission computed tomography and positron emission tomography, are often combined with computed tomography or MRI. It remains to be seen whether MPI is best combined with computed tomography or MRI, but there are efforts to build a hybrid MPI/MRI system (21) . There are no theoretical limits toward building a clinical MPI instrument (22, 23) , and attempts to do so are already underway. However, and perhaps most importantly, the future of clinical MPI cell tracking will also depend on the availability of a clinically approved tracer formulation. In addition, expensive SPIO MPI tracer dosetoxicity studies will be needed to make the prospect of clinical MPI cell tracking a reality.
